Prepared for publication in Applied Physics Letters
12a. DISTRIBUTION/AVAILABILITY STATEMENT Reproduction in whole or in part is permitted tor any purpose ol the US Government. This document has been approved for public relearse and sale; its distribution is unlimited.
12b. DISTRIBUTION CODE
ABSTRACT (Maximum 200 words)
Photoluminescent and electroluminescent studies of bilayer heterojunctions formed from a poly (pyridyl vinylene phenylene vinylene) (PPyVPV) derivative and poly (vinyl carbazole) (PVK)show an emission peak which cannot be ascribed to either the PPyVPV derivative or PVK layer. Through studies of absorption and photoluminescence excitation (PLE) spectra we demonstrate that the additional feature results from an exciplex at the bilayer interface.
The photoluminescence efficiency of the exciplex is greater than 20%. The electroluminescence spectrum from the bilayer devices is entirely due to exciplex emission, with internal efficiencies initially achieved exceeding 0.1% . _
SUBJECT TERMS
Light-emitting polymer devices, bilayer, exciplex Conjugated polymer based light-emitting devices [1] [2] [3] [4] [5] [6] [7] [8] have become a topic of great interest since the report of electroluminescent (EL) properties in poly(phenylene vinylene) (PPV) [1] . A large variety of polymers, copolymers and their derivatives have been shown to exhibit EL properties, including a relatively new class: polypyridines [5, 6] , and poly(pyridyl vinylene)s [6, 9] . The configurations of these devices may consist of a simple single layer [1, 2] , bilayers [2] or blends [7] used to enhance efficiency and tune the emission wavelength, or multilayers that may allow the device to operate under an AC applied voltage [6] .
In single layer devices the low efficiency frequently is due to the imbalance of electrons and holes. Inserting a hole-transport (electron-blocking) or electron-transport (hole-blocking)
layer provides a means to enhance minority carriers and block the majority carriers and confine them to the emitter layer, which increases the probability of recombination [2] .
Poly(N-vinylcarbazole) (PVK) has been used as a hole transport layer [8] and occasionally in blends with the emitter polymer [7, 8] . PVK is a well studied photoconductive polymer which often forms exciplexes with organic molecules, e.g. dimethyl terephthalate [10] . An exciplex is a transient donor-acceptor complex between the excited state of the donor and the ground state of the acceptor [10] . Recently, there has been interest in exciplex formation between PVK and conjugated polymers. Osaheni and Jenekhe [11] [12] [13] have reported PL due to exciplex formation in bilayers of poly(p-phenylene benzobisoxazole) (PBO) and tris(ptolyl)amine, but not EL, although they suggest exciplexes may be important in light-emitting devices [11] . Even though many groups have studied bilayer and multilayer devices, EL due to exciplex formation until now has not been reported [2] . For example, in highly efficient bilayer devices of CN-PPV and PPV [2] and of PPV and 2-(4-biphenylyl)-5-(4-
exciplex formation is not observed. Recently, PL and EL exciplex emission from blends of PVK and a conjugated/non-conjugated multi-block copolymer was reported [7] , but emission from separate layers was not studied.
In this letter we report bilayer devices with PVK as the hole transport layer and a Figure 2 shows the PL of a single layer of the copolymer, a single layer of PVK and a bilayer of PVK and the copolymer. The PL of single PVK layers excited at 3.6 eV has a peak emission energy at 3.05 eV, similar to previous reports of the PL of PVK [7, 8] . The PL for single layer copolymer films excited at 3.1 eV shows an emission peak at 2.05 eV. The bilayer when excited at an energy less than the absorption edge of the PVK, but greater than the absorption edge of the copolymer shows PL peaked at the same energy as for the copolymer along with a low intensity tail to the blue side. When the bilayer was excited at energy equivalent to the excitation energy for the single PVK layer (3.6 eV), the PL emission spectrum contains contributions from both single layers (3.05 eV and 2.05 eV), as well as from a completely new species, which we identify with an exciplex. To the low energy side of the exciplex PL is a weak shoulder near the PL energy for the single layer of the copolymer. Figure 3 shows the PL intensity as a function of both the excitation energy and the emission energy. At excitation energies above 3.6 eV the PL due to the exciplex and PVK are apparent, but if the excitation energy is lowered below 3.4 eV these peaks have essentially disappeared. As the excitation energy is further lowered into the peak absorption of the copolymer, PL from the copolymer strongly predominates (excitation energy 2.6 to 3.0 eV and principal emission energy 1.8 to 2.2 eV).
The absorption and photoluminescence excitation (PLE) spectra are shown in Fig. 4a and 4b. The onset of the absorption of the single PVK layer is at about 3.5 eV and shows two spectral features at 3.6 and 3.75 eV similar to previous reports [7, 8] . The PLE of PVK follows the absorption showing nearly identical features. The absorption and PLE of the copolymer peak at 2.95 eV, with the onset at about 2.4 eV. The absorption of the bilayer is the sum of the single PVK layer absorption and the single copolymer absorption and shows both the copolymer peak at 2.95 eV and the PVK peaks at 3.6 and 3.75 eV. The PLE of the bilayer is also the sum of the PVK PLE and the copolymer PLE and shows both the PVK spectral features and the copolymer peak, although the copolymer peak is shifted to slightly higher energy.
The lack of any new absorption or PLE features in the bilayer films implies that the new species is not directly accessible from the ground state of the copolymer or PVK, consistent with the assignment of an exciplex.
The PL, PLE and absorption were measured on the same films making it possible to estimate the relative PL quantum efficiencies of the copolymer emission and the exciplex emission. The copolymer absolute PL efficiency was reported previously to be ~ 18% [9] .
A lower bound on the quantum efficiency of the exciplex was calculated to be ~ 15 -20%, nearly the same as the copolymer efficiency.
We fabricated bilayer devices using ITO as the anode and aluminum as the cathode. The inset of Fig. 5 shows the EL spectrum of a typical device with the PL spectrum from the same device. The devices can easily be seen in a brightly lit room, appear bright green to the eye, and have internal quantum efficiencies of ~ 0.1-0.5%. Although the PL efficiencies are comparable, the EL efficiency of the bilayer configuration, ~ 0.1 -0.5%, is much greater than for a single layer device which has an EL efficiency of less than 0.0001%. The similarity between the PL and EL of the bilayer device demonstrates that the exciplex is responsible for the EL emission. Figure 5 shows the current density-voltage and brightness-voltage characteristics for a typical bilayer device. The turn-on voltage of the bilayer devices depends on the thickness of the polymer layers and in this case is ~ 18 volts, with the brightness following the current. The generality of this concept has been demonstrated using several other pyridine-based copolymers [14] . Through the use of polyaniline network electrodes [15] we have lowered the threshold voltage to below 10 volts while maintaining the same efficiency [16] .
The increase in efficiency of the bilayer device compared to the single layer device is primarily due to charge confinement at the PVK/copolymer interface. The electrons are injected from the Al electrode into the conduction band of the copolymer, but are confined when they reach the electron blocking PVK. Also, the holes are injected into the valence band of the PVK and are confined at the interface. The electron and hole blocking at the interface enhances exciplex emission. That the electrons and holes are unable to easily conduct through both layers leads to a small current density (< 1 mA/mm 2 ) and hence a greatly increased efficiency. In addition, the buried interface implies that most of the radiative recombination will occur at the interface and away from the EL quenching electrodes.
In summary, heterojunctions of PVK and PPyVP(COOCi2H 2 5)2V show a strong photoluminescence and electroluminescence feature due to exciplex emission at the interface. The absorption and PLE spectra and have shown that the exciplex is not directly accessible from the ground state. The exciplex is also the primary species of electroluminescence emission in the bilayer devices. The efficiency of the bilayer devices is greatly enhanced over single layer devices due to charge confinement and exciplex formation and emission at the interface.
This work was supported in part by the Office of Naval Research. 
